Abstract: This study demonstrates the spatial and temporal variations of streambed vertical hydraulic conductivity K v from October 2011 to November 2014 along the Weihe River, the largest tributary of the Yellow River. The streambed K v values of a total number of 385 locations from five test sites were estimated on the basis of in situ falling-head standpipe permeameter tests. The difference of K v values for all test locations reaches five orders of magnitude with a range from 5.87E-04 to 61.3 m/d and a median value of 1.62E-01 m/d. The streambed K v values are neither normally nor log-normally distributed, but display significant spatial variability among the five test sites. The highest K v values occur at the site with mainly sandy sediment, while the K v values at the other four sites with mainly silt-clay sediment are relatively close and have less variability than those at the sandy sediment site. The median K v values from all of the sites exhibit no statistically significant temporal trends. However, the median K v values indeed show temporal variations that might be influenced by changes in silt-clay content of the sediment, especially for the sandy sediment site and the combined data from all sites. Weak evidence demonstrates that streambed K v values decrease with depth.
Introduction
The streambed vertical hydraulic conductivity (K v ) is a pivotal attribute directly influencing the strength of hydraulic exchange, nutrient delivery, and contaminant transfer between groundwater and surface water [1] [2] [3] . In recent decades, in situ standpipe permeameter tests have been widely applied to estimate statistical distributions and variations of streambed K v [4] [5] [6] [7] . These studies revealed different statistical distributions of streambed K v values, such as bimodal distribution [8] and normal distribution [7, 9] of K v , normal distribution of ln(K v ) [10] , and non-normal distribution of both K v and ln(K v ) [5, 6] .
Heterogeneity of streambed K v values is a universal phenomenon in both spatial and temporal scales [4] [5] [6] [7] [8] 11, 12] . The K v values could vary over several orders of magnitude not only between
Study Area
The Weihe River, originating from Niaoshu Mountain at Weiyuan County of Gansu, flows approximately across 818 km through Gansu, Ningxia, and Shaanxi provinces, and merges with the Yellow River at Tongguan County of Shaanxi province ( Figure 1 ). As one of the largest tributaries of the Yellow River, the Weihe River covers a drainage area of 1.34ˆ10 5 km 2 . The channel width in the lower reaches of the Weihe River is about 300-600 m [24] . The Weihe River basin belongs to warm temperate, semi-humid continental monsoon climate. The annual mean temperature is 7.8-13.5˝C, which decreases from the main stem of the Weihe River toward the north and south tributaries, annual mean rainfall is 400-800 mm with a decreasing trend from the south to the north, and the mean runoff is 195 m 3 /s [25] . The annual mean precipitation in the catchment is 570 mm, and about 60% amount of precipitation concentrates from May to September [26] . The Weihe River basin is topographically higher in the west but lower in the east. Several larger northern tributaries drain through the Loess Plateau, known as one of the largest and thickest loess deposits in the world; as a consequence, the sediments from northern tributaries flowing into the Weihe River comprise predominantly loess and fine particles. The annual erosion rate in the Loess Plateau is up to 5997 ton/km 2 [27] . A study from a site in the upstream area of the Weihe River demonstrated that the average grain size of loess varies from 6.8 to 11 µm [28] . The northern tributaries are generally long in channel length and shallow in stream gradients. The Jing River and Beiluo River, the largest tributaries of the Weihe River, account for about 54% of the total river discharge [9] . Numerous southern tributaries originate from the Qinling Mountain known as the natural boundary between the south and north of China, and drain directly into the Weihe River. These southern tributaries are characterized by short length, steep gradients, large flow velocity, and providing coarse materials into the Weihe River [9] . The sediments from southern tributaries are mainly sand and gravel or cobbles [9] . The median grain diameter (d 50 ) for the channel sediments between Xianyang and Lingtong varies from 0.098 to 1.25 mm [29] . [33] . What is worse is that the Weihe River discharges these sediments into the Yellow River, ultimately exacerbating water channel siltation and frequent floods in the Yellow River [31, 33] . We believe that sediment siltation would have significant influence on the streambed hydraulic conductivity. Hence, determination of the streambed hydraulic conductivity in the Weihe River is crucial to estimate stream-aquifer interaction as well as being highly effective and beneficial for water resource management. 
Methods

Measurement of Streambed Vertical Hydraulic Conductivity
The falling-head permeameter test was applied for streambed vertical hydraulic conductivity measurements by inserting transparent polyvinyl chloride (PVC) standpipes into streambed sediments.
First, an open-ended pipe of 160 cm length and 5.4 cm interior diameter was staked vertically into the streambed sediments ( Figure 2 ). The thickness of the pipe is very small (about 3 mm), and the test was controlled carefully to reduce disturbing original sedimentary structures and particle fabrication. When the pipe was pressed to a desired depth of about 30 cm, water was poured carefully from the open top of the pipe. Along with declining water level in the pipe, the The Weihe River basin is one of the most serious soil erosion areas in the Yellow River basin. The erosion area of the Weihe River basin is about 5.2ˆ10 4 km 2 which accounts for 44.3% of the basin area [30] . Severe flood disaster often occurs in the lower Weihe River due to sediment siltation induced by Sanmenxia Reservoir operation [31] [32] [33] . The annual average sediment discharge from the Weihe River can reach up to 0.458 billion tons [30] . The average annual natural runoff in the Weihe River has decreased by 45% since the 1980s due to the complex impact of natural and human activities [34, 35] . The annual runoff measured at the Huaxian gauging stations from 1991 to 2000 decreased by 50.3% compared with that from 1981 to 1990 [35] . The significant decrease of runoff has reduced the sediment scouring capacity of the river channel especially in the lower Weihe River [33] . What is worse is that the Weihe River discharges these sediments into the Yellow River, ultimately exacerbating water channel siltation and frequent floods in the Yellow River [31, 33] . We believe that sediment siltation would have significant influence on the streambed hydraulic conductivity. Hence, determination of the streambed hydraulic conductivity in the Weihe River is crucial to estimate stream-aquifer interaction as well as being highly effective and beneficial for water resource management.
Methods
Measurement of Streambed Vertical Hydraulic Conductivity
First, an open-ended pipe of 160 cm length and 5.4 cm interior diameter was staked vertically into the streambed sediments (Figure 2 ). The thickness of the pipe is very small (about 3 mm), and the test was controlled carefully to reduce disturbing original sedimentary structures and particle fabrication. When the pipe was pressed to a desired depth of about 30 cm, water was poured carefully from the open top of the pipe. Along with declining water level in the pipe, the hydraulic head was recorded at regular time intervals. After the permeameter testing at a depth of 0-30 cm was completed, the pipe was pressed to a deeper depth of around 50 cm. Again, a permeameter test at a depth of 0-50 cm was conducted. After the tests, the K v value was calculated using the formula of Hvorslev [36] :
where h 1 and h 2 are hydraulic heads observed in the pipe corresponding to measurement times of t 1 and t 2 , respectively, m is the square root of the ratio of the horizontal conductivity K h to the vertical conductivity K v (i.e., m " a K h {K v ), D is the interior diameter of the pipe (5.4 cm), L v is the length of sediment column in the pipe. If the length of the sediment column (L v ) is five times larger than the diameter of the pipe (D) [13] , then Equation (1) can be simplified to 
Sediment Sampling and Grain Size Analysis
At each test location, after the permeameter test, the way of collecting the sediment sample was by plugging the top of the pipe, such that a suction was formed as the pipe was removed from the riverbed, thus holding the sediment in place [18] . This procedure can prevent sediments from exiting at the bottom end of the pipe. However, for coarser sediment, a small amount of sediment may have been lost, thus potentially creating bias. This phenomenon only occurred at a few locations at the Caotan site. Finally, the sediment was packed into a sampling bag for grain size analysis.
In the laboratory, the samples were categorized into 17 grades using a sieving method, and then the cumulative percentage weight was calculated. The finest grain size was 0.075 mm and the coarsest grain size was 12 mm. The grain was assigned into three groups by size: silt or clay less than 0.075 mm, sand ranging from 0.075 mm to 2 mm, and gravel larger than 2 mm [38] .
Statistical Analyses
All statistical analyses were performed using the statistical software program R 3.2.1 [39] . The Kruskal-Walls test [40] is a nonparametric test that is valid even for non-normal populations. In this paper, the Kruskal-Walls test was used to determine if streambed Kv values differ significantly between two test sites, between two sampling times or between two different layers at a 95% confidence level [7, 13] . The null hypothesis (H0) is that all Kv values from two samples are drawn In this study, the average length of the measured sediment column (L v ) in the PVC pipes ranges from 30 cm to 50 cm; accordingly, the ratio of L v /D is commonly greater than five, thus reducing measurement errors.
On the basis of estimated results of K v values from sediment with depth of 0-30 cm and 0-50 cm, the K v values of the lower sediment layer with depth of 30-50 cm can be calculated using the following equation [37] :
where K v1 , K v2 and K v represent vertical hydraulic conductivities for sediment column L 1 (0-30 cm) and L 2 (30-50 cm), L (0-50 cm) ( Figure 2 ). Streambed K v values were determined at five sites (Meixian, Xianyang, Caotan, Lintong, Huaxian) along the Weihe River ( Figure 1 ). As it was not possible to reach the center of the river due to deeper water, 9-14 test locations at each site were carried out around 1.5-2 m from the river bank. The distance between the two closest locations was about 1. 
Sediment Sampling and Grain Size Analysis
Statistical Analyses
All statistical analyses were performed using the statistical software program R 3.2.1 [39] . The Kruskal-Walls test [40] is a nonparametric test that is valid even for non-normal populations. In this paper, the Kruskal-Walls test was used to determine if streambed K v values differ significantly between two test sites, between two sampling times or between two different layers at a 95% confidence level [7, 13] . The null hypothesis (H0) is that all K v values from two samples are drawn from the same population, and the alternative hypothesis (H1) is that the K v values from two samples are significantly different. When the attained significance level (p value) is less than a predetermined value (α = 0.05), the test rejects the null hypothesis and suggests that the difference between K v values from two samples is significant. When p > 0.05, it accepts the null hypothesis that the two samples of K v values are drawn from the same population [40] . Furthermore, Bonferroni correction [41] was performed to adjust confidence intervals following the Kruskal-Walls tests.
The Shapiro-Wilk and Lilliefors (Kolmogorov-Smirnov) tests [42] were applied to verify whether the streambed were normally or log-normally distributed at a 95% confidence level [7, 9] . Q-Q plots were also used to compare the probability distribution of K v values to a normal model by plotting their quantiles [9] . If the K v values are close to the normal distribution, the points on the Q-Q plot lie approximately on a straight line.
The non-parametric Cox-Stuart test [43] was applied to detect the trend of median K v values with time at the 95% confidence level. The test null hypothesis is of no trend against the alternative hypothesis, indicating insignificantly increasing or decreasing trend of streambed K v values with time.
Spearman Correlation is a non-parametric test [40] , which was adopted to measure the strength of the relationship between K v values and water depth [6, 20] , or between changes of streambed K v values and changes of sediment silt-clay content at the p = 0.05 level. Table 1 Table 2 ), thus it is increasingly appropriate to use the median K v value to represent the streambed K v characteristics at all sites in the Weihe River. Alternatively, these less reliable results may be also attributable to small sample numbers between the sites or between the sampling times. In order to avoid this error, Chen [13] excluded the Kv values from silt-clay layers using the Kruskal-Wallis tests.
Results
Spatial Variation of Streambed K v
Min. K v (m/d) Max. K v (m/d) Average K v (m/d) Median K v (m/d)
Statistical Distribution of Kv
The histograms of the combined ln(Kv ) values from either each site of all test times or all sites within each test time indicate that streambed Kv is not log-normally distributed (Figure 4) . The results were confirmed at the 0.05 significance level by application of the Shapiro-Wilk and Lilliefors normality tests. At seven different sampling times, both Shapiro-Wilk and Lilliefors tests indicate that the combined Kv values for all five sites are not normally distributed at the 0.05 significance level (Table 2) It is striking that streambed K v values vary spatially to a different extent throughout the investigation period ( Figure 3 and Table 1 Alternatively, these less reliable results may be also attributable to small sample numbers between the sites or between the sampling times. In order to avoid this error, Chen [13] excluded the K v values from silt-clay layers using the Kruskal-Wallis tests. 
Statistical Distribution of K v
The histograms of the combined ln(K v ) values from either each site of all test times or all sites within each test time indicate that streambed K v is not log-normally distributed (Figure 4) . The results were confirmed at the 0.05 significance level by application of the Shapiro-Wilk and Lilliefors normality tests. At seven different sampling times, both Shapiro-Wilk and Lilliefors tests indicate that the combined K v values for all five sites are not normally distributed at the 0.05 significance level (Table 2) (Table 2) . However, if streambed K v values from all five sites from October 2011 to November 2014 are combined as a single dataset, it can be found that the 385 streambed K v values are neither normally, nor log-normally distributed (Table 2) , similar to streambed K v values at the West Bear Creek, USA [5] and the Donghe River, China [6] . Q-Q plots further indicate that the combined K v values are not close to the predicted lines and have non-normal distributions ( Figure 5 ). However, these statistical test results may not be correct due to the fact that not enough tests were conducted after December 2013. (Table 2) . However, if streambed Kv values from all five sites from October 2011 to November 2014 are combined as a single dataset, it can be found that the 385 streambed Kv values are neither normally, nor log-normally distributed (Table 2) , similar to streambed Kv values at the West Bear Creek, USA [5] and the Donghe River, China [6] . Q-Q plots further indicate that the combined Kv values are not close to the predicted lines and have non-normal distributions ( Figure 5 ). However, these statistical test results may not be correct due to the fact that not enough tests were conducted after December 2013. 
Temporal Variation of Streambed Kv
The Table 1 ). The median K v values for the four sites are mostly lower than 1 m/d, especially at Xianyang where they are almost lower than 2.00E-01 m/d ( Table 1) .
The Cox-Stuart test [43] was used to determine whether the observed temporal changes in median 
The Variation of Streambed Kv with Depth
Both in October 2011 and November 2012, with the exception of one location at Meixian, where Kv values are smaller in the upper sediment layer than that in the lower sediment layer, the Kv values in the upper sediment layer are consistently greater than those in the lower sediment layer at other test locations ( Figure 6 ) This is consistent with previous studies [16, 44] 
Discussion
Spatial Variation of Streambed Kv and Grain Size
Streambed hydraulic conductivity is mainly controlled by grain size [16, 44] . The sediment at the Caotan site contains coarser materials while the other four sites mainly consist of silt-clay sediment. The large difference of Kv values at Caotan compared with the other four sites might 
Discussion
Spatial Variation of Streambed K v and Grain Size
Streambed hydraulic conductivity is mainly controlled by grain size [16, 44] . The sediment at the Caotan site contains coarser materials while the other four sites mainly consist of silt-clay sediment. The large difference of K v values at Caotan compared with the other four sites might result from coarser particles of its sediment. Grain size analysis results show that streambed sediment at Caotan consists of predominantly coarse sand and gravel with low content of silt-clay (from 5.44E-01 to 21.2% with an average of 6.13% and a median value of 2.74%), while sediments at the other four sites consist of predominantly silt-clay (Figure 7) . The weight percentage of silt-clay to the whole particles accounts for 2.76%-50.5% (average value = 32.3%, median value = 35.0%) at Meixian, 23.5%-78.1% (average value = 46.9%, median value = 45.2%) at Xianyang, 16.1%-84.1% (average value = 56.3%, median value = 58.1%) at Lintong, and 9.30%-90.6% (average value = 44.2%, median value = 37.5%) at Huaxian. It further indicates that coarser materials in the streambed sediment were more common at Caotan than those at other four sites, especially before June 2013 ( Figure 7 ). We explored some possible explanations for the difference of Kv values for sand and silt-clay streambed in the Weihe River. Larger particles of streambed sediments at Caotan are responsible for higher Kv values while the driving force for lower Kv values at the other four sites is potentially caused by the amount of fine-grained sediment. The valley is narrow and steep above Meixian, and then becomes relatively wide and shallow with low gradient from Meixian to the river-mouth. Average river gradients in the reaches of Linjiacun-Xianyang and below Xianyang are respectively We explored some possible explanations for the difference of K v values for sand and silt-clay streambed in the Weihe River. Larger particles of streambed sediments at Caotan are responsible for higher K v values while the driving force for lower K v values at the other four sites is potentially caused by the amount of fine-grained sediment. The valley is narrow and steep above Meixian, and then becomes relatively wide and shallow with low gradient from Meixian to the river-mouth. Average river gradients in the reaches of Linjiacun-Xianyang and below Xianyang are respectively 1.24 m/km and 0.28 m/km [45] . With river gradient declining, deposited sediment might increase along the river banks. At Meixian and Xianyang, lower streambed hydraulic conductivity is probably caused by the apparent large depositions of silty sand, clay, and sludge from upstream. Meanwhile, the Tongguan elevation which is defined as the stage of a flood discharge at 1000 m 3 /s at the Tongguan station and can reflect the level of channel deposition in the lower Weihe River (Figure 1 ), has been rising since construction of the Sanmenxia Reservoir, which prevents sediment transport from the lower Weihe River into the Yellow River, thus causing enormous sedimentation from the Weihe River and its tributaries in the lower Weihe River [32] . For example, the sediment deposition in the reach below Lintong accounted for 89.8% of the total amount since operation of the Sanmenxia Reservoir [33] . Sediments chiefly from the Jinghe River accounted for 52.6% of the total amount, and the sediment discharge mainly occurred in June-September, accounting for 92.4% of the whole year [30] . The amount of silt and clay from the Weihe River, Jing River, and Beiluo River settled at Lintong and Huaxian, resulting in lower streambed hydraulic conductivity at the two sites. Generally, the sediments are more compacted along the banks than in the center of the river, probably resulting in some of the streambed hydraulic conductivity heterogeneity at the five test sites.
Temporal Variation of Streambed K v and Grain Size
The grain-size distribution varies significantly with time at different sites ( Figure 7) ; the Spearman's rank correlation test was used to examine whether these changes are significantly correlated to changes in vertical hydraulic conductivity. The correlations are generally not significant at the p = 0.05 level with the exception of Caotan where changes in silt-clay content of the sediment and K v are significantly negatively correlated with a Spearman coefficient of´8.93E-01 (p = 1.23E-02). However, for the combined data from all test sites, significant negative correlation is also apparent (R =´6.16E-01, p = 1.04E-04), further indicating that streambed K v values decrease with the increase of silt-clay content.
At At the other four sites, the grain-size distribution experiences different temporal variations (Figure 7) . Also, no significant correlations between changes of streambed K v values and changes of sediment silt-clay content are found at the p = 0.05 level, however, streambed sediments do have exceedingly high content of silt and clay ( Figure 7 ). For streambed sediments with high content of silt and clay, differences in silt-clay content do not generally cause significant changes in K v values. This might be the main reason for consistently low streambed vertical hydraulic conductivity at the four sites. sites probably might also be influenced by small horizontal layers of finer sediment, as demonstrated by some researchers [3, 6, 16] .
Temporal variations of streambed K v may be affected by the method applied for measuring the streambed K v . As the streambed K v measurements are a point measurement in space, and the measurements during different sampling times were not carried out exactly at the same location, there is the risk that temporal variability of streambed K v at the same location may not be entirely accurate and has some uncertainty, as small local heterogeneity may produce greater changes of streambed K v . Nevertheless, many studies have also stated that temporal variability in K v value should be predominantly associated with several factors, including erosion/deposition process, bioturbation, porosity, clogging, and changes in water viscosity [5, 14, 21] . These mechanisms can act together, therefore a better understanding of these hydrological environment still requires research.
The Variation of Streambed K v with Depth
The Kruskal-Wallis test indicates weak evidence of differences of K v between the upper layer and lower layer. The higher K v of the upper layer could be explained by the fact that hyporeic water exchange with inflow and outflow in the upper layer might result in more unconsolidated and permeable sediment, and invertebrate bioturbation (such as burrowing, feeding) in the upper layer of sediments could create new pore spaces and therefore a larger streambed K v . Moreover, gas bursts from redox processes can expand sediments and induce higher permeability [18] .
Correlation between Water Depth and Streambed K v
Generally, the flow velocity is larger in the channel when the water depth becomes deeper, thus implying that the sediments are finely winnowed, exactly as finer-grained particles are washed away and transferred to areas of lower flow velocities, and coarser sediments are left in situ, ultimately generating a larger K v [7] . As Song et al. [16] illustrated, increasing stream flow can wash away the destroyed fine layer and sediment mounds, and submerge the original exposed streambed, enhancing the hyporheic flux and causing a higher K v of channel sediments. Therefore, the water depth can reflect flow velocity and might further explain the variation in vertical hydraulic conductivity [6] .
At each test site, water depth was measured. No significant correlations were found at any of the sites; correlation p-values range from 2.00E-01 to 9.64E-01. In some former studies [6, 7, 46] positive correlations were found; however, Jiang et al. [20] found that the correlation of the two variables is insignificant and the correlation coefficient is negative at individual sites. Chen [7] also reported that the correlation between the two variables may not be perfect, which is ascribed to the complicated flow condition, special geographical features or occurrence of outliers for the K v values [46] . Water depth in river channels is the only representative factor of the flow conditions during permeameter tests, but the sediments may be deposited under different flow conditions, and might suffer some fluctuations with time thus generating a poor correlation [7, 46] .
Conclusions
In this paper, streambed vertical hydraulic conductivity was measured based on the in situ test method at five test sites along the Weihe River, at seven different times from October 2011 to November 2014. The K v values cover a range of five orders of magnitude from 5.87E-04 to 61.3 m/d. Statistical distribution of the 385 streambed K v values is neither normal nor log-normal at our test sites, unlike in other research areas.
Streambed K v values represent a significant variation from site to site due to differences of grain size. K v values at Caotan with dominance of coarse sand and gravel are noticeably greater than those at the other four sites with mainly silt-clay sediments. However, the K v values at the other four sites are relatively close and have less variability than at Caotan. Cox-Stuart tests indicate that there are no significant temporal trends in the median K v values from any of the sites. Despite the lack of definite trends, temporal variations do occur, probably resulting from changes in silt-clay content of the sediment, especially at Caotan. This similarly occurs for the combined data from all test sites, where there also exists significant negative correlation between changes of streambed K v values with changes of sediment silt-clay content. There is weak evidence that streambed K v values decrease with depth.
As the streambed K v tests are point measurements in space, there are some limitations when extrapolating conclusions from these values to illustrate larger scale characteristics. The data shown here document only spatial and temporal variations of streambed K v along the flow direction of the Weihe River. The K v tests across the channels were not conducted in this study due to higher water depth. To more deeply understand the spatial and temporal variations of streambed K v in the Weihe River, further K v tests across the channels based on more advanced technologies are needed.
